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ABSTRACT

Mitochondrial DNA (mtDNA) sequence variation was examined in Finns, Swedes and Tuscans by PCR
amplification and restriction analysis. About 99% of the mtDNAs were subsumed within 10 mtDNA
haplogroups (H, I, ], K, M, T, U, V, W, and X) suggesting that the identified haplogroups could
encompass virtually all European mtDNAs. Because both hypervariable segments of the mtDNA control
region were previously sequenced in the Tuscan samples, the mtDNA haplogroups and control region
sequences could be compared. Using a combination of haplogroup-specific restriction site changes and
control region nucleotide substitutions, the distribution of the haplogroups was surveyed through the
published restriction site polymorphism and control region sequence data of Caucasoids. This supported
the conclusion that most haplogroups observed in Europe are Caucasoid-specific, and that at least some
of them occur at varying frequencies in different Caucasoid populations. The classification of almost all
European mtDNA variation in a number of well defined haplogroups could provide additional insights
about the origin and relationships of Caucasoid populations and the process of human colonization of
Europe, and is valuable for the definition of the role played by mtDNA backgrounds in the expression

of pathological mtDNA mutations

'WO aspects of the mitochondrial DNA (mtDNA)
make it particularly useful in human evolutionary
studies. First, it is maternally transmitted and thus does
not undergo recombination (GILES et al. 1980). Second,
the mtDNA sequence evolution rate is much higher
than that of the average nuclear gene (MIYATA et al.
1982; WALLACE et al. 1987). Consequently, a substantial
number of mtDNA mutations have accumulated se-
quentially along radiating maternal lineages that have
diverged as human populations colonized different geo-
graphical regions of the world. Restriction fragment
length polymorphism (RFLP) studies of mtDNAs from
a wide range of human populations have revealed a
number of stable polymorphic sites in the mtDNA cod-
ing regions. These define related groups of mtDNAs
called haplogroups. Most of the mutations observed in
both mtDNA coding and control regions in modern
human populations have occurred on these preexisting
haplogroups and define the individual mtDNA types or
haplotypes (TORRONI et al. 1993a; GRAVEN et al. 1995).
The majority of haplogroups have been shown to be
continentspecific. In Africa, haplogroup L encom-
passes between 70 and 100% of the sub-Saharan
mtDNAs (CHEN et al. 1995; GRAVEN e¢f al. 1995). In Asia,
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~55% of East Asian and Siberian mtDNAs are members
of haplogroup M (BALLINGER ¢t al. 1992; TORRONI et al.
1993b,c; CHEN et al. 1995; WALLACE 1995). Haplogroup
M is subdivided into smaller subhaplogroups desig-
nated C, D, G and E. Most of the remaining Asian
mtDNAs are encompassed by haplogroups A, B and F
(TORRONI et al. 1994c). Among Native Americans, only
four Asian haplogroups (A, B, C and D) are observed,
thus indicating that these haplogroups predated the
colonization of the Americas (SCHURR et al. 1990; WARD
et al. 1991; HorAI et al. 1993; TORRONI ¢ al. 1993a,
1994a,d).

A recent high resolution RFLP study of individuals
of European ancestry living in the United States and
Canada has revealed four European-specific haplo-
groups (H, I, J and K) that encompassed ~64% of the
subjects analyzed (TORRONI et al. 1994b). While useful
in delineating European mtDNA haplogroups, the di-
verse European origins of the samples precluded identi-
fication of associations between particular populations
and haplogroups. Since such associations have provided
powerful tools for reconstructing African, Asian, and
Native American origins, we have endeavored to deter-
mine the nature and frequency of mtDNA variation in
well defined European populations.

In this study, we report the extent and nature of
mtDNA variation in three European populations, the
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Finns, the Swedes and the Tuscans of Central Italy.
These populations encompass a large portion of the
linguistic and genetic differentiation of modern Euro-
pean populations (CAVALLI-SFORzA and Prazza 1993;
CAVALLI-SFORZA et al. 1994). The Finnish language be-
longs to the Uralic family, and the ancestral Finns prob-
ably were a mixture of preexisting populations of un-
known origin and population groups of Baltic and
Germanic ancestry (DE LA CHAPELLE 1993). The Swed-
ish language belongs to the Germanic branch of the
Indo-European family, and the ancestors of modern
Swedes could have been either Neolithic farmers who
expanded into Europe from the Middle East ~10,000
yr before present (YBP) (AMMERMANN and CAVALLI-
SroRrzA 1984; CAVALLI-SFORZA ¢f al. 1988; SORAL et al.
1991) or pastoral nomads that began to expand from
the Eurasian regions north of the Black Sea ~6500 YBP
(GrmBUTAS 1991). The Tuscan sample is from an area
of Central Italy that was the core of the Etruscan coloni-
zation. The FEtruscan language, although not com-
pletely known, is not of Indo-European origin and it
was spoken in the area up to the first century A.D.,
when it was replaced by Latin, a language of the Indo-
European family.

This survey revealed five new mtDNA haplogroups,
in addition to the previous four described in Europeans
from North America and one already reported in
Asians. When combined, these 10 haplogroups encom-
passed virtually all Finnish, Swedish and Tuscan
mtDNAs. This finding suggests that the same 10 haplo-
groups could encompass almost all mtDNAs in Europe
and implies a scenario similar to that described in the
Americas, where four haplogroups were found to en-
compass almost the entire mtDNA variation of Native
American populations.

MATERIALS AND METHODS

Subjects: Of the 86 Scandinavian subjects analyzed, 49
were unrelated Finns collected from various regions of Fin-
land and 37 were unrelated Swedes collected among the medi-
cal students of the Gothenburg University. DNAs from these
samples were extracted from buffy coats using standard proce-
dures. The DNAs from 48 unrelated Tuscan individuals whose
maternal grandmothers were also born in Tuscany (Central
Italy) were extracted from hair roots using the method de-
scribed in VIGILANT e al. (1989). Sequence analysis of the two
hypervariable segments of the mtDNA control region from
these Tuscan samples was previously performed, and it is de-
scribed in FRANCALACCI et al. (1996). All samples (1-52) ana-
lyzed by FRANCALACCI and collaborators {1996), except sam-
ples 6, 8, 52 and 50, were also analyzed in this study. Samples
6, 8 and 52 were maternally related to other individuals of
the sample and were included as sequence controls by FRAN-
CALACCI et al. (1996). Sample 50 was discarded because of
intersample contamination.

mtDNA analysis: The entire mtDNA of each Finn and
Swedish sample was amplified in nine overlapping fragments
by PCR using the same primer pairs and amplification condi-
tions described in TORRONI ¢t al. (1992, 1993a). Each of the
nine PCR segments was then digested with 14 restriction en-

donucleases (Alul, Avall, BamHI, Ddel, Haell, Hadll, Hhal,
Hincll, Hinfl, Hpal, Mspl, Mbol, Rsal, Tagl) and tested for the
A to G sequence polymorphism at nucleotide position (np)
12808 in the tRNA™ gene, previously observed in European
mitochondrial disease patients (LAUBER et al. 1991). This mu-
tation was detected by PCR using a mismatched primer with
the 3’ end adjacent to np 12308 and a G at np 12312. When
the 12308G mutation is present, this generates a Hinfl site.
In addition, all subjects were screened for the presence of a
BsiNI site at np 13704, an Acd site at np 15254, and a Nialll
site at np 4577. Restriction fragments were resolved through
electrophoresis in NuSieve plus SeaKem agarose (FMC Bio-
Products) gels and visualized by UV-induced fluorescence.
The resulting haplotypes are reported in APPENDIX A.

The phylogenetic relationships among and between Finn-
ish and Swedish haplotypes were inferred by parsimony analy-
sis. The dendrograms were rooted using the African haplo-
type AF71 {“‘African outgroup”). This haplotype, which has
been observed in the Senegalese, is a member of the African-
specific haplogroup L (CHEN et al. 1995) and has been pre-
viously used as an outgroup in TORRONI ¢t al. (1993a,b, 1994a—
d). Maximum parsimony (MP) trees were generated through
random addition of sequences using the Tree Bisection and
Reconnection (TBR) algorithm (PAUP 3.1.1, SwWOFFORD
1993). The PAUP analysis was terminated at 350 trees after
30,000 replications. These trees were obtained by saving no
more than 10 MP trees for each replication. Although shorter
trees could exist, none were observed in our analyses. A 50%
majority-rule consensus of the 350 MP 1rees generated by the
TBR algorithm was also obtained. A NJ tree was obtained
from P distances by using the program MEGA 1.01 (Kumar
et al. 1993). Currently available program packages, including
MEGA 1.01 and PHYLIP 3.5¢ (FELSENSTEIN 1993), do not
allow the users to compute genetic distances from restriction
site data, but only from nucleotide sequences. To obtain P
distances, we recoded the 0/1 haplotype matrix by replacing
the 0’s with A’s, and the 1’s with G’s, and treated the restric-
tion site data set as a sequence data set. The reliability of
haplogroups observed in the NJ tree was assessed by bootstrap
analysis (500 replications). Intrahaplogroup divergence esti-
mates from restriction analysis data were calculated using the
maximum likelihood procedure of NEI and TajiMa (1983)
and the mtDNA evolution rate of 2.2-2.9% per million yr
(TORRONI ¢t al. 1994d).

In contrast to the Finnish and Swedish samples, the limited
amount and poor quality of the DNA extracted from hair
roots of the Tuscans did not allow a complete haplotype analy-
sis of their mtDNAs. However, it was possible to amplify 12
short PCR fragments (~200-300 bp each) from each Tuscan
mtDNA (Table 1), and to screen these fragments for the
presence of 14 polymorphic restriction sites that define the
mtDNA haplogroups (TORRONI et al. 1994b,c; CHEN et al.
1995).

RESULTS

Haplotype analysis of Finnish and Swedish mtDNAs:
Fifty-two haplotypes (E1-E52), defined by 84 polymor-
phic restriction sites, were observed among the 86 Fin-
nish and Swedish samples analyzed (Table 2, APPENDIX
A). Only 13 haplotypes were observed in more than one
subject, and only five (E2, E11, E19, E24, E45) were
shared by Finns and Swedes. Of these haplotypes E2,
E19 and E45 were the most common haplotypes, repre-
senting 15.1, 7.0 and 8.1%, respectively, of the total
samples analyzed.
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TABLE 1

Primers used for partial PCR amplification of Tuscan mtDNAs

Segment sizes

Haplogroup Polymorphic sites” Primer coordinates’ (bp)
H —7025 Alul 6890-6909, 7131-7115 242
I —1715 Ddel 1615-1643, 1894-1874 280

+8249 Avall 8188-8207, 8366-8345 179

+10028 Alul 9911-9932, 10107-10088 197
J —13704 BstO1 13583-13605, 13843-13824 261
K —9052 Haell 8829-8845, 9184-9163 356

+12308 Hinfl 12104-12124, 12338-12309° 235
T +13366 BamHI 13172-13190, 13403-13384 232

+15606 Al 15409-15428, 15701-15682 293
U +12308 Hinfl 12104-12124, 12338-12309° 235
\Y —4577 Nlalll 4308-4325, 47394720 432
w +8249 Avdll 81888207, 8366-8345 179

—8994 Haelll 8829-8845, 9184-9163 356
X —1715 Ddel 1615-1643, 1894-1874 280
L (African)* +3592 Hpal 3388-3408, 3717-3701 330
M (Asian)® +10397 All 10270-10290, 10579-10557 309

1837

“ All Tuscan samples were also screened for the Ddel np 10394 site by using the same primer pair employed

to test for the presence of the Alul np 10397 site.

*Primers are numbered according to ANDERSON et al. (1981) with the 5' = 3 coordinates before the comma
corresponding to the forward primers and those after the comma to the reverse primers.
“The reverse primer of this pair of oligonucleotides was altered in order to screen for an A to G transition

at np 12308 in the t(RNA"" gene.
¢ CHEN ¢t al. (1995).

“BALLINGER eéf al. (1992); TORRONI et al. (1994c); CHEN ef al. (1995).

Comparison of polymorphic sites revealed that only
a limited number of these sites were shared by different
‘Scandinavian haplotypes, and that the shared polymor-
phic sites were usually observed in well defined and
alternative associations (Table 3). This observation sug-
gests that these polymorphisms are relatively ancient
and preceded most of the additional variation accumu-
lated on the Scandinavian mtDNAs. These specific sets
of associated polymorphisms were used to segregate the
Scandinavian mtDNAs into groupings (Table 3). A first
subdivision of Scandinavian mtDNAs is due to the pres-
ence or absence of a Ddel site at np 10394. Because the
same dichotomization is also observed in mtDNAs from
African (CHEN ef al. 1995), Asian (BALLINGER ef al. 1992;
TORRONI et al. 1994c) and Native American (TORRONI
et al. 1993a) populations, it has been proposed that the
10394 Dded polymorphism is very ancient and predated
the radiation of modern human populations (WALLACE
1995). Additional polymorphic sites subdivided Scandi-
navian mtDNAs into 10 smaller groups of related haplo-
types (haplogroups H, I, J, K, M, T, U, V, W, and X)
that encompassed ~99% of the Scandinavian mtDNAs
(Table 3). Four of the haplogroups (H, I, ] and K) had
been described in detail among Europeans from North
America (TORRONI et al. 1994b); one (haplogroup M)
is the most common haplogroup in Asians {(BALLINGER
et al. 1992; TORRONI ¢t al. 1994¢; CHEN et al. 1995), while
the remaining five haplogroups (T, U, V, W and X)
were identified in this study. The frequencies of these

haplogroups in our Finnish and Swedish samples and
those previously reported in Europeans from North
America are illustrated in Table 4.

Haplotype E39, observed in one Finnish subject, was

~ the only Scandinavian haplotype that did not cluster in

any of the haplogroups (Table 2). Haplotype E39
lacked the Ddel site at np 10394 (Table 3), placing it
together with haplogroups H, T, U, V, W and X; but was
devoid of other distinguishing polymorphisms. Thus it
could not be placed in any of these haplogroups.
Parsimony and NJ analyses were performed to verify
the reliability of the 10 haplogroups suggested by haplo-
type data. Parsimony analysis confirmed the clustering
of Scandinavian mtDNAs into 10 haplogroups (Figure
1), each defined by the sets of associated polymor-
phisms illustrated in Table 3. The identity and topology
of these haplogroups were also preserved in the 50%
majority rule consensus of 350 MP trees (Figure 1),
supporting the robustness of the haplogroups. How-
ever, the consensus tree did not retain the major dichot-
omization between haplogroups harboring (haplo-
groups I, J, Kand M) or lacking (haplogroups H, V, T,
U, W, and X) the 10394 Ddd site. The NJ tree further
supported the subdivisions into the 10 haplogroups
even though nodal bootstrap values could be obtained
only for those haplogroups harboring more than one
haplotype (Figure 2). In addition, the NJ tree con-
firmed the tendency to aggregate haplogroups ac-
cording to the presence or absence of the 10394 Ddel
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TABLE 2
MtDNA haplotypes in Finns and Swedes

Population
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site. The exception is represented by haplogroup I,
which is connected to haplogroup W with a nodal boot-
strap Pvalue of 40%. If it is confirmed, this aggregation

could indicate that the 10394 Ddd site has undergone a
certain number of parallelisms/reversals during recent
human evolution. The nodal P values for haplogroups
T, J, V and X were comprised between 90 and 63%.
These were followed by haplogroups H and U with P
values of 33 and 21%, respectively. Bootstrap values are
commonly taken as the level of statistical confidence
for the subset of haplotypes taken into consideration,
and are considered statistically significant when P =
95%. According to this, none of the P values observed
in this Furopean data set would appear statistically sig-
nificant. However, it has to be considered that 95%
bootstrap values have not been reported for a major
clade in any of the numerous studies that have been
dealing with human mtDNA variation [as examples, see
HEDGES et al. (1991) and SOODYALL et al. (1996)]. This
is because of homoplasy in conjunction with the rela-
tively low number of stable and informative characters
(BANDELT et al. 1995) and the fact that bootstrap values
tend to underestimate true values, especially when
many haplotypes or sequences are analyzed (LI and
ZHARKIKH 1995).

In contrast to the parsimony trees, the NJ tree also
suggests that haplogroups I, W and X are more closely
related to each other than to the other haplogroups
(Figure 2). The tendency to aggregate them in a major
branch of the NJ tree is probably due to the fact that
haplogroups I and X share a restriction site loss (Ddel
np 1715), and haplogroups I and W share a site gain
(Avdll np 8249) (Table 3).

Screening of Tuscan mDNAs for haplogroup-specific
mutations: To determine if the 10 haplogroups found
in the Finnish and Swedish mtDNAs were also charac-
teristic of southern European populations, we screened
48 Tuscan mtDNAs for the 14 polymorphic sites listed
in Table 5. These sites included most of the polymor-
phisms that define each of the haplogroups observed
in Scandinavia, as well as the Hpal np 3592 site that
defines the African-specific haplogroup L (CHEN et al.
1995).

This analysis revealed that 98% of the Tuscan mtDNAs
could be aggregated into the 10 haplogroups (Table 5).
The Alul np 7025 site loss in association with the lack
of the Ddel np 10394 site was found in 41.7% of the
Tuscan mtDNAs, thus indicating that haplogroup H is
also the most common haplogroup in southern Europe
(Table 4). The BamHI np 13366 and Alul np 15606
sites, which characterize haplogroup T, were observed
in 10.4% of the Tuscan mtDNA. The Hinfl np 12308
site without the Hadl np 9052 site loss and the Ddel np
10394 site gain, which is typical of haplogroup U, was
also observed in 10.4% of the Tuscans. The associated
Avdll np 8249 site gain/ Hadll np 8994 site loss, which
defines haplogroup W, was observed in 2.1% of the Tus-
cans. The Ddd np 1715 site loss in the absence of the
Ddd site at np 10394, Al site at np 10028, and Avall
site at np 8249 defines haplogroup X, and was observed
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TABLE 3
Haplogroup-specific polymorphic sites in Finnish and Swedish mtDNAs
Sites®

Y ] o = — E
s 5 3§33z iiizzit
<= s = = 5 < R < [N Q
S T = < <= T X ® ¥ I~ o © ¥ © w10 O
IR~ S oS 0 o < N N o o & D o & N B 9 ®
— NS N s w &5 &6 & & © K & & S &
~ 5 0 E & o & o & N © ;o B I D <©
— ~t Al ~ [¢ ) [¢'a] [«2] — o o — — — — — — —
| | | Lo+ o+ o+ o+ o+ o+ T+ |+ Frequency (%) Haplogroup
- - — + - - — - — — - - — — — — — 40.7 H
+ + - - + - - + + - - - - - + 1.2 I
- - e e 9.3 ]
- - — — - — + - + — + - - — — — — 8.1 K
- - - - - - — - — - - + - + + - - 12.8 T
— — — — - — - - — — + - - — - - - 17.3 U
— - + — — - - - - - — - — — — — - 3.6 A%
— - — — + + — - — - - - — — — — - 2.3 w
T 2.3 X
- - - - - - - - 4+ 4+ - - - - - = = 1.2 M
- - - - - - - - - — — - - - - - — 1.2 Other

“ The polymorphic restriction sites are listed as either absent (—) or present (+) relative to the reference sequence (ANDERSON
et al. 1981). A plus or minus indicates whether the listed haplogroups have that polymorphism.

®Finns + Swedes.

in 8.3% of the subjects. The Dde np 1715 site loss in
association with the Ddd site at np 10394, Avdll site at
np 8249 and Al site at np 10028 defines haplogroup
I, and was found in 4.2% of the subjects. The associated
Hinfl np 12308 site gain and Hadl 9052 site loss, to-
gether with the Ddd site gain at np 10394 define haplo-
group K and was found in 6.3% of the sample. Finally,
the BstNI np 13704 site loss in association with the Ddel
np 10394 site that defines haplogroup ] was observed
in 14.6% of the Tuscans, with one of the seven haplo-
group ] mtDNAs (sample #21) also having the Al site
gain at np 15606 site gain that is characteristic of haplo-
group T mtDNAs (Table 5). The presence of the Alul

site at np 15606 in a haplotype J background suggests
that this polymorphism arose as an independent muta-
tional event. Neither the Nlalll np 4577 site loss in the
absence of the Dde np 10394 site that defines haplo-
group V, nor the Alul np 10397 site in the presence of
the Ddel np 10394 site that define haplogroup M were
observed in any of the Tuscan mtDNAs (Table 5).

DISCUSSION

Ten haplogroups encompass almost all mtDNAs
from three European populations: The mtDNA analy-
sis of Swedish and Finnish samples revealed that virtu-

TABLE 4

Distribution of mtDNA haplogroups in three European populations

Haplogroups Finland* Sweden® Tuscany” North America’
H 20 (40.8) 15 (40.5) 20 (41.7) 40.0
I 1 (2.0) 0 2 (4.9) 7.4
j 7 (14.3) 127 7 (14.6) 9.1
K 2 (4.1) 5 (13.5) 3 (6.3) 7.4
M 1 (2.0) 0 0 0
T 3 (6.1) 8 (21.6) 5 (10.4) ND
U 8 (16.3) 6 (16.2) 5 (10.4) ND
A% 2 (4.1) 2 (5.4) 0 ND
w 2 (4.1) 0 1(2.1) ND
X 2 (4.1) 0 4 (8.3) ND
Others 1(2.0) 0 1 @21 ND
Total 49 37 48

“Values are number of subjects with percentage in parentheses.

® Data from TORRONI et al. (1994b); ND, not determined. At the time of this study only mtDNA haplogroups
H, L J, Kand M were defined. Values are percentage of subjects.
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FIGURE 1.—Parsimony tree of Finnish and Swedish mtDNA haplotypes. This MP tree has been obtained by PAUP analysis
and includes the 52 haplotypes (E1-E52) observed in 49 Finns and 37 Swedes. The numbers at the nodes or end of each branch
indicate different mtDNA haplotypes. The tree was rooted by using the African haplotype AF71 (‘‘African outgroup”). This
haplotype is a member of the African-specific haplogroup L (CHEN et al. 1995) and has been previously used as an outgroup in
TORRONI ¢f al. (1993a,b; 1994a—d). The capital letters H, [, J, K, M, T, U, V, W and X indicate the 10 haplogroups, and the
numbers associated with the lowercase letters indicate the restriction sites that define the specific haplogroups. The restriction
enzymes correspond to the following code: a, Alul; b, Avdll; ¢, Ddd; e, Hadll; g, Hinfl; i, Mspl; m, BamHL; n, Hadl; p, BsiNI; q,
Nldlll. The horizontal branch lengths are proportional to the number of mutational events that separate the haplotypes with
the exception of the 16517 Haell site. In the parsimony analysis, this hypervariable site was assigned half of the weight assigned
to all other sites. This tree is 192 steps in length, has consistency and retention indices of 0.768 and 0.929, respectively, and is
one of the 350 MP trees generated with the TBR branch swapping algorithm. The inset illustrates the 50% majority-rule consensus
of the 350 MP trees. The consensus tree is 201 steps in length and has consistency and retention indices of 0.662 and 0.880,
respectively. Note that all haplogroups are retained in the consensus tree.

ally all Scandinavian mtDNAs fell into 10 mtDNA haplo-
groups, designated H, I, |, K, M, T, U, V, W and X. Each
of these was defined by relatively ancient and stable
polymorphic sites located in the coding regions of the
mtDNA. An additional analysis of Tuscans from Central
Italy using the diagnostic markers of these haplogroups
revealed that the same haplogroups encompassed 98%
of the Tuscan mtDNAs (Table 5). The predominance
of these haplogroups in three divergent European pop-
ulations suggests that they may encompass most of the
European mtDNA variation, in a manner analogous to

the A, B, C and D haplogroups that arose in Asians and
encompass virtually all Native Americans (TORRONI and
WALLACE 1994). Comparison of the haplogroup data
from Europeans with those of Asians and Africans
should permit identification of and deductions about
the progenitors of Europeans.

The distribution of the 10 haplogroups in non-Euro-
pean populations: Previous studies have shown that the
large majority of non-European mtDNAs belong to
haplogroups whose distribution appears to be conti-
nent-specific (WALLACE 1995). In the Americas, haplo-
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African outgroup (haplogroup L)

Scale: each

is approximately equal to the distare of 0.0097.

FIGURE 2.—Neighbor joining tree of Finnish and Swedish
mtDNA haplotypes. This tree includes the same haplotypes
of Figure 1 and was rooted by using the same African out-
group. As in Figure 1, the capital letters H, L, ], K, M, T, U,
V, W and X indicate the 10 haplogroups. Numbers in bold
indicate haplotypes, while the numbers at the nodes indicate
bootstrap Pvalues (0-100%) obtained by 500 bootstrap repli-
cations.

groups A, B, C and D encompass virtually all Native
American variation; in Africa, haplogroup L represents
~'70% of sub-Saharan African mtDNAs; and in Asia,
haplogroup M represents ~55% of mtDNAs with other
less common haplogroups (A, B, E, F, G) making up
most of the remaining Asian mtDNAs (TORRONI et al.
1994c) . With the exception of one Finnish mtDNA that
belonged to haplogroup M, none of the Asian- and
African-specific haplogroups were observed in our Eu-
ropean samples. This implies that the overlap between
European and non-European mtDNA variation is very
limited.

A survey of published data confirms this observation.
Haplogroup H, which represents ~40% of European
mtDNAs, and haplogroup K, which represents ~8% of
European mtDNAs, have each been observed in only
three out of 1175 non-European subjects (CANN et al.
1987; STONEKING ¢t al. 1990; BALLINGER et al. 1992; TOR-
RONI et al. 1993a,b, 1994a,c,d; CHEN et al. 1995). The
same survey revealed that haplogroups T, I and W have

never been described in non-European populations. To
date no non-European population has been screened
for the enzyme BsiNI. As a result the frequency of the
BsiNI np 13704 site loss of haplogroup | among Afri-
cans, Native Americans and Asians remains unknown.
However, European haplotypes belonging to haplo-
group J also harbor a Hinfl np 16065 site loss (TORRONI
et al. 1994b) and none of the 1175 non-European
mtDNAs lacked this site (CANN et al. 1987; STONEKING
et al. 1990; BALLINGER et al. 1992; TORRONI ¢f al. 1993a,b;
1994a,c,d; CHEN et al. 1995), indicating that haplogroup
J is European-specific.

The distribution of haplogroup X in non-European
populations is more difficult to define because the Ddel
site at np 1715 appears to have arisen several indepen-
dent times during human evolution, including in a few
African and Asian mtDNAs. However, the combination
of the Ddel np 1715 and np 10394 site losses has not
been observed in African mtDNAs, and it has been re-
ported in only one Asian mtDNA and one Native Ameri-
can population, the Ojibwa from Northern Ontario.
The Ojibwa are the only Native American group show-
ing a high proportion of mtDNAs not belonging to
haplogroup A, B, C and D, and the prevalence of these
additional mtDNA haplotypes, defined by the combina-
tion of the Ddel np 1715 and np 10394 site losses, was
initially attributed to recent genetic admixure with Eu-
ropeans (TORRONI et al. 1993a). A recent extensive re-
analysis of Native American control region and haplo-
type data has shown that these additional Ojibwa
mtDNAs belong to a well defined haplogroup (FORSTER
et al. 1996) that corresponds to the haplogroup X ob-
served in Europeans. However, the data from FORSTER
and collaborators (1996) indicate that haplogroup X
in the Ojibwa is not due to post-Columbian genetic
admixture with Europeans, but it probably represents
a fifth Native American founding haplogroup of Asian
ancestry.

Haplogroups U and V are defined by a Hinfl np
12308 site gain and a Nlalll np 4577 site loss, respec-
tively, polymorphisms that have not been screened for
in non-European populations. To assess the distribu-
tion of haplogroup U in non-Europeans, we have
screened for the np 12308 mutation 116 Asians (12
Malay Chinese, 21 Vietnamese, 11 Malays, 13 Borneans,
13 Koreans, 20 Taiwanese, 26 Malay Aborigines), 51
Native Americans (2 Tlingit, 10 Dogrib, 10 Navajo, 9
Pima, 10 Maya, 10 Ticuna), and 140 Africans (60 Man-
denka, 41 other Senegalese and 39 Pygmies) whose
mtDNA haplotypes were previously reported (BAL-
LINGER ef al. 1992; TORRONI et al. 1992; CHEN e al.
1995). None of the Asian and Native American mtDNAs
exhibited the 12308 mutation, though four Senegalese
including one Mandenka and three Tukulors did. The
Mandenka harbored haplotype AF1, while the Tukulors
harbored haplotype AF2. Similar to haplogroup U
mtDNAs, AF1 and AF2 lacked the Ddel np 10394 site.
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TABLE 5

Screening of haplogroup-specific polymorphic sites in Tuscan mtDNAs

Sites”

0~ = e — S N g T = =
$ 3535333335 §5§¢%
S T 2 < < XT X W o Is W © H ©
TN G R V- T S NN G- S = = S S
FeghEFZ222828525¢%
= ) I~ O L D o = = e = =
s+ 0 0+ + + + + 1+ Sample numbers Haplogroup
- - -+ - - - - - - - - - - 37/10,13, 16-18, 20, 24, 27, 31, 36, 39-43, 47, 49, 51 H
- - - = - - - - - — — 4 — 4 22,25 29, 32 48 T
- - - - - = = = = 4+ - — — 4,5/19,30,44 U
- - - -+ + - - = - - - - -2 w
+ — — — — — — — — — — — — _ 9p 98 34 38 X
+ - - -+ - - 4+ + - - - - =915 I
- - - - - - 4+ — + — 4+ - — - 33,387 45 K
- - - - = = = = 4+ - - — + - 1,11,12,23, 35, 46 J
- - - - - - - - 4 - - - 4+ 4+ 21 Kl
- - - - - - - - 4 - - - - - 14 Other

“ The diagnostic sites are listed as either absent (—) or present (+) relative to the reference sequence (ANDERSON ef al. 1981).
A Elus or minus indicates whether the listed samples harbor that polymorphism.
This site characterizes the African-specific haplogroup L (CHEN et al. 1995).

In fact, AF2 is identical to the Finnish haplotype E28,
and AF1 is closely related to the Swedish haplotype E25,
with which it also shares a Mbol np 3348 site gain. These
findings indicate that haplogroup U, although much
more prevalent in Europe, is shared between Europe-
ans and some Sub-Saharan Africans.

To assess the distribution of haplogroup V in non-
European populations, we have tested for the Nlalll
np 4577 site loss the 140 African mtDNAs previously
described by CHEN et al. (1995), but none harbored this
polymorphism. Thus haplogroup V could be absent in
Africans, though its distribution in other African popu-
lations and Asians has yet to be determined.

In conclusion, it appears that at least six of the Euro-
pean haplogroups (haplogroups H, I, J, K, T, W) are
essentially confined to European populations and prob-
ably originated after the ancestral Caucasoids became
genetically separated from the ancestors of modern Af-
ricans and Asians. Haplogroup U, by contrast, is found
at low frequencies in African populations.

The specificity to Caucasoids of most haplogroups
observed in Europeans is supported by the age esti-
mates of the haplogroups. These estimates (Table 6)
were calculated from restriction site data from the hap-
lotypes observed in Finns and Swedes only for those
haplogroups (H, J, T, U and V) that harbored enough
variation to allow these calculations. Because these esti-
mates are based only on the mtDNA variation observed
in Scandinavia, they could be biased by specific genetic
phenomena associated to the peopling of this Euro-
pean region. However, the ages of haplogroups H and
J (17,000—-30,000 yr) were similar to those reported for
the same haplogroups in the heterogeneous Europeans

from North America (TORRONI ¢t al. 1994b), and overall
the relatively recent origin of Caucasoid-specific haplo-
groups H, J, T, and V (8000-30,000 yr) supports the
hypothesis that they originated recently after the ge-
netic and geographic separation of the ancestral Cauca-
soids from the ancestors of modern African and Asians.
On the contrary, haplogroup U appears to be much
older than the other haplogroups with an estimated
age of 51,000-67,000 yr. Interestingly, this haplogroup
is the only haplogroup that Europeans share with Afri-
cans. This raises the possibility that haplogroup U origi-
nated in Africa and subsequently expanded into the
Middle East and Europe.

The correlation between haplogroups and control
region sequences: The sequences of the control region
hypervariable segments HVS1 and HVSII for the
Tuscan mtDNAs have been previously determined
(FRANCALACCI et al. 1996). Consequently, they can be
correlated with the restriction site variants of the haplo-
groups H, I, J, K, M, T, U, V, W, and X defined in the
present study. This correlation between haplogroups
and D-loop sequences had two major objectives. First,
to corroborate the reliability of the haplogroups identi-
fied by haplotype and phylogenetic analyses. Indeed it
is expected that, if the haplogroup classification is cor-
rect, the control region sequences within the same
haplogroup should harbor unique and monophyletic
sets of nucleotide polymorphisms. Second, to differenti-
ate the control region variants that are phylogenetically
associated and thus relatively ancient and stable from
those that are recent or have undergone repeated for-
ward and backward mutations.

In Table 7 the 48 control region sequences have been
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TABLE 6

Sequence divergences and divergence times of haplogroups in Scandinavians

No. of No. of Sequence Divergence time
Haplogroups haplotypes subjects divergence (%) (years)”
H 18 35 0.065 22,414-29,545
] 6 8 0.050 17,241-22,727
T 5 11 0.024 8,276-10,909
U 12 14 0.148 51,034-67,273
\ 4 4 0.048 16,552-21,818

“The divergence times were calculated from intra-haplogroup sequence divergences using the mtDNA

evolution rate of 2.2-2.9%/myr (TORRONI et al. 1994d).

subdivided into the observed Tuscan haplogroups (Ta-
ble 5), which include all but haplogroups M and V. This
subdivision confirms the validity of the haplogroup classi-
fication. Indeed, the control region sequences aggre-
gated within the same haplogroup share a common set
of ancient sequence polymorphisms (boxed in Table 7).

The haplogroup H control sequences appear to share
only one common nucleotide variant, an A at residue
73 in HVS-II. Exceptions to this rule include two of the
20 haplogroup H mtDNAs (subjects 27 and 49) that
harbor a G at np 73, and three nonhaplogroup H
mtDNAs (subjects 4, 14 and 25) that have an A at np
73. These latter three subjects indicate that the control
region sequence is highly prone to repetitive mutations.
The Cambridge reference sequence is closely related
to the Tuscan haplogroup H sequences and, similar to
all haplogroup H mtDNAs, lacks the Ddel np 10394 and
Alul np 7025 sites. These observations suggest that the
European reference sequence is also a haplogroup H
mtDNA.

Four of the five Tuscan haplogroup T control region
sequences are characterized by T’s at nps 16294 and
16296. The fifth subject (32) has one T at np 16294. A
T at np 16294 is only seen outside of haplogroup T in
subject 38 of haplogroup X, while the T at np 16296 is
exclusive of haplogroup T.

The haplogroup U control region sequences do not
harbor any characteristic mutations, and like most
haplogroups are characterized by a G at np 73. How-
ever, two subjects (19 and 44) form a subgroup defined
by T’s at nps 16192 and 16270.

Haplogroup W was observed in only one Tuscan sam-
ple (subject 2). Consequently, it was not possible to
directly determine specific control region mutations
that define this haplogroup. However, one of the 100
control region sequences obtained from British subjects
(PIERCY et al. 1993) showed a striking homology with
that of Tuscan subject 2, as both sequences share a T
at np 16223, G at 73, A at 143, G at 189, C at 195, C
at 204, and A at 207. Hence, these residues may be
characteristic of some mtDNAs from haplogroup W.

The haplogroup X control region sequences are asso-
ciated with T’s at nps 16223 and 16278. The association
of these two mutations is very common in African

mtDNAs (GRAVEN et al. 1995). However, African
mtDNAs lack the Ddel np 1715 site loss and have addi-
tional characteristic variants both in the coding and
control regions.

Haplogroup I control region sequences were ob-
tained from two Tuscan subjects. These mtDNAs shared
an A at np 16129, T at 16223, C at 16311, C at 152, G
at 189, C at 199, A at 203, C at 204, and C at 250 (Table
4). This same array of base substitutions has been re-
ported in Sardinians (D1 RIENZO and WILsON 1991),
Britons (PIERCY et al. 1993) and in a heterogeneous
Caucasian sample (STONEKING et al. 1991). Haplogroup
I is also characterized by five distinctive restriction site
polymorphisms. The NJ tree (Figure 2) had indicated
that haplogroups I, W and X could be more closely
related to each other than to other haplogroups. This
suggestion appears to be partially supported by compar-
ison of their control regions. Indeed, even though the
control region sequences belonging to haplogroups I,
W and X are distinguished by a substantial number of
different base substitutions, they all share a T at 16223.

The haplogroup K control region sequences could
be examined in three Tuscan mtDNAs and are charac-
terized by C’s at nps 16224 and 16311 of HVS-1. One of
the three Tuscan mtDNAs belonging to this haplogroup
lacked the C at np 16311, but this T to C transition
appears to have arisen repeatedly, being also observed
in both individuals from haplogroup I, as well as in
some individuals from haplogroups H and J.

Haplogroup | mtDNAs are represented by seven Tus-
can control region sequences and are defined by three
distinct polymorphisms: a T at np 16069, a C at np
16126, and a T at np 295. The T at np 16069 is detected
as a Hinfl site loss at np 16065 in haplotype analysis
(Figure 1). The control region sequence of individual
21 is concordant with a haplogroup ] classification, con-
firming that the Alul np 15606 site found in subject 21,
but normally characteristic of haplogroup T (Table 5),
is due to a separate mutational event.

This correlation between nucleotide changes in the
coding region and in the noncoding control region of
the mtDNA permits a direct comparison of all pub-
lished data obtained by both haplotype analysis and
control region sequencing, thus providing additional
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TABLE 7

MtDNA control region sequences from Tuscans

Polymorphic nucleotide positions®

1111311111 1111111111 12211111111 11111211321 1111111111 11111
6666666666 6666666666 6666666666 6666666666 6666666666 66666

0001111111 1111111112 2222222222 2222222222 2222333333 33333 1111111111112222 2222222222 33333
5690122344 5567788991 2223344456 6677788899 9999000111 22556 5667445558 8889990000 1222235569 00111
1934169457 3632669233 2340108961 3504814601 2467049168 45262 7043360230 5894593457 5256840935 99159

st He aa ab
Cam* ACTCCTGCGC GGATCCTCCG CCTATACTCC TACGCAACCC CCCTATATAA TTTTT - - CAGTCTAT GAACTTGTGG ACGTGATAAC - -C-T
F L - e e R [------ mmmmmmeme o G- ---C-
20 H  ce e oo o N G- ---C-
K B = B e e R ---G- ---C-
LS i L e e G- ---C-
L e i R G- ---C-
I e e B T G- C--C-
K S e R G- C--C-
39 H v o s e e o o T e e G- C--C-
16 H  ------ Mmoo R R R G- ---C-
Z I . R i I |--C- e G- CC-C-
LY e B LI C-- --C-- --- R R G- C--GC-
17 H R i T----T ----wmmmmm mmmm - R R e T R G- ---GC-
18 H e R i i R G- CC-C-
A & Commmmmmm e e R AR T----A- ----- ---G- C--C-
42 H  --e-eiees oo e T oo-mmmes e R A e G- C--C-
24 H  c-meeie e i I i T e e G- ---C-
13 H  -mmm o e i i R e e s G- C--C-
40 H @ --------- T------ R T R e R C--mm - G--G- ---C-
L I & G e R G- -T--- ----- C-mmm mmmmme o G- C--C-
27 H e oo Comm mmmmmm o e GT-- -------=-- mmo-- - R o G- C--C-
2% T  ----- Crmmm mmmmm e oo e ATT-C-- - c e e e G- CC-C-
22 T R R i Grmmmmm mmmmeee e oo G- C--C-
29 T  ----- R e ATTh------ C------- Grmmmmm e e G- C--C-
48 T  ---------- F e ATT- - - - - G--T--- cmmmmmmmms oo G- ---C-
32 T ---eem-e-- -- G--TC--- ~---m--=mm - A------ AT e - G---C-~ mmmmmmme s e G- ---CC
19 U ---e-mmie oo R T----- T- mmemmm s —e e - G--T--- ---- Crmmmm s - G- C--C-
44 U --eeeeen oo T--T------- T- - -Tommmmm mmmme e o e R C-- -------- G- C--C-
30 U R e R G--C----- --- G---CG- ~=----mmm moo oo GG- ---C-
U ---e--- Tor mmmmmmmms oo R i T T C- =--G------ ---- Crommm s G- ---C-

u - R R EE LRI Grmmmmm e oo i N R G- ---C-
2 W -G e T-- rp--oe e TT--------~ “Com - --c-- - -} £ -------- G- ---C-
28 X e oo C--- ATp------- ---4 Tf---- --- C-mmmmm mmmmm - G----G- ----C----- -~ AC----G- C--C-
26 X s oo C--- AT}---T--- --- Tf---- - C---- --- G---Crm- mmemmmmm e G- ---C-
88 X e oo Arp------- --- Th - s Te-emmoe oo C ---G-Crmmm mmmmmmmmm e G- ---C-
34 X T R T --m - s e e R C--C-A-------- G- ---C-
o 1 -----fa}-- --- Cromn-- o - e - - GE -Ad-ead-- - --- -G— ---C-
5 1 ------ @ ————— C------ - ——————————————————————— ------ C---G---Lr- -{g-4cag-- -----+ c-G- ---C-
833 K = cemmmmmme mmmmmoam o Cl------- mm e - cl-- ----- --- G---C-- ------mmmm mmmmm e G- ---C-
37 K --Cemmm-- - N cf-c-------------- G e - G------ - C--mmmmmmmm e G- ---C-
45 K --mmmmmmme oo Cl------- e e e - G----m mmmermmmms oo G- ---C-
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TABLE 7

Continued

Polymorphic nucleotide positions®

1111111111 1111111111 1111111111 1111111111
6666666666 6666666666 6666666666 6666666666
0001111111 1111111112 2222222222 2222222222
5690122344 5567788991 2223344456 6677788899
1934169457 3632669233 2340108961 3504814601

1111111111 11111
6666666666 66666
2222333333 33333
9999000111 22556 5667445558 8889990000 1222235569 00111
2467049168 45262 7043360230 5894593457 5256840935 99159

111111 1111112222 2222222222 33333

s’ Hf aa ab

1 3 -4 ---- T R R Grmmmmm e e A---dfc--c
b T B 1 e (o e e G-C---- AG-------- - T--A---GT} ---C-
46 ] dm-Ag---- o e s e e G------ Ammmmmes - A---GI| ---C-
11 ] Af-+g--A- ---mmmoo - R G--TC-- ---- C----- G------- T| - -TCC
3% ] A0--49--A- - T-------- T ---A-mmm e e e Grmmmrm e e T ---C
12 ] 0--4q--- - To mmmmmmmos moeeeeeo e C-- mm-m- - G--TC-- ~=---mmme moomme o T o
21 | Ag--d---- --------T- -------- T- ------moms m--- G-G--- ~meme o L 1] ---C
14 Other ----- Crmmm s e e o o C-T------ Commmmrmmmes - G- CC-C-

*Boxes define the D-loop nucleotide variants which either by themselves, or in association with other variants, define each
haplogroup. Nucleotide positions 57a, 60a, 309a, 309b indicate nucleotide insertions relative to the Cambridge sequence.

¢8 is Sample. The numbering of individual samples is according to FRANCALAGCI et al. (1996).

“H is Haplogroup. Haplogroups as determined by restriction analysis screening of informative polymorphic sites.

¢ Cam is Cambridge; from ANDERSON ¢ al. (1981).

information about the distribution of these haplo-
groups in other populations. Surveys of published con-
trol region sequences from non-European populations
confirm that haplogroups I, K, J, T, W are essentially
European-specific (VIGILANT et al. 1991; TORRONI ¢ al.
1993a,b; GRAVEN et al. 1995). For haplogroup H, both
the distinctive Akl np 7025 site loss and the A residue
at np 73 have only been sporadically observed in non-
Europeans (STONEKING et al. 1991; VIGILANT et al. 1991;
GRAVEN et al. 1995). As for haplogroup U, the shared
African and European haplogroup, the lack of distin-
guishing control region variants does not permit fur-
ther continental discrimination. Finally, for haplogroup
X, the association between T’s at at nps 16223 and
16278 is very common in African mtDNAs (GRAVEN et
al. 1995), and thus European and African mtDNAs must
be distinguished by continent-specific restriction site
polymorphisms, such as the Ddel np 1715 site loss.

The haplogroup aggregation of control region se-
quences also permits identification of hypervariable nu-
cleotides (WARELEY 1993; ComAs et al. 1995). These
include a C at np 16189, T at 16256, T at 150, C at 152,
and C at 195, each of which appears in three or more
haplogroups. A particularly high mutation rate of cer-
tain nucleotides has important implications for phylo-
genetic studies (BANDELT ef al. 1995) because both max-
imum parsimony analysis (VIGILANT e al. 1989; Di
RIENZO and WILSON 1991; TORRONI ¢t al. 1993a,b) and
pairwise difference analysis (DI RIENZO and WILSON
1991; ROGERs and HARPENDING 1992) usually assign an
equal weight to all nucleotide changes.

The distribution of the 10 haplogroups in Caucasoid
populations: Table 4 shows the distribution of the 10
haplogroups in the three European samples, as well
as in an aggregate of Europeans from North America.
Haplogroup H is the most prevalent in these samples,
with a strikingly consistent frequency of ~41%. Haplo-
groups J, K, T and U are also very common and shared
by all populations. The remaining haplogroups I, V, W
and X are less common, though still shared between at
least two of the three populations.

Although detailed restriction site analyses are not
available for other European populations, some addi-
tional data about the distribution of specific haplo-
groups can be deducted from surveys that have
employed a more limited number of restriction endo-
nucleases. The linked BamHI np 13366 site gain and
Mspl np 15925 site loss of haplogroup T has been ob-
served in 11.9% of the Greeks, 6.0% of the Albanians,
9.9% of the Sardinians, 12.6% of the Apulians, 14.6%
of the Sicilians, 4.8% of the Arabs from Palestine, and
1.3% of the Ashkenazi Jews, but was not observed in
the Yemenite Jews (SANTACHIARA-BENERECETTI et al.
1988; DE BENEDICTIS et al. 1989; SEMINO et al. 1989;
TORRONI et al. 1990; RITTE et al. 1993; ASTRINIDIS and
Kouvatst 1994). These haplogroup T markers have
also been seen in 3.8% of the Hindus from Northern
India (SEMINO et al. 1991), indicating that haplogroup
T is present, at varying frequencies, throughout the
entire range of Caucasoid populations. A similar distri-
bution is observed for haplogroup K defined by the
Hadl np 9052 site loss. This polymorphism has been
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described in 6.8% of the Greeks, 6.0% of the Albanians,
4.5% of the Sardinians, 9.2% of the Apulians, 12.2% of
the Sicilians, 1.6% of the Arabs from Palestine, 8.0% of
the Yemenite Jews, and 1.2% of the Hindus. In addition,
29.3% of the Ashkenazi Jews appear to belong to this
haplogroup suggesting a recent founder effect in Cen-
tral European Jewish populations (SANTACHIARA-BENER-
ECETTI ¢t al. 1988; DE BENEDICTIS ¢t al. 1989; SEMINO et
al. 1989; TORRONI ¢t al. 1990; RITTE et al. 1993; ASTRIN-
DIS and KouvaTtst 1994).

Additional information about the distribution of the
haplogroups in Europeans can be inferred by published
studies of control region sequences, in spite of the fact
that several of these studies analyzed only HVSI (D1
RIENZO and WILSON 1991; BERTRANPETIT et al. 1995;
SAJANTILA et al. 1995). The specific HVSI polymor-
phisms of haplogroup J, a T at np 16069 and a C at np
16126, have been observed in 12.0% of the British, 4.4%
of the Basques, 5.8% of the Sardinians, 16.7% of a het-
erogeneous Middle Eastern sample (Bedouins, Israeli
Arabs and Yemenite Jews), but none of 98 individuals
from south-western India. The haplogroup K polymor-
phisms of C’s at nps 16224 and 16226 were observed
10.0% of the British, 2.2% of the Basques, 5.8% of the
Sardinians, and 2.4% of the subjects from Middle East,
but were absent in the Indians. Haplogroup T mtDNAs
defined by T’s at nps 16294 and 16296 were observed
in 10.0% of the British, 4.4% of the Basques, 13.0% of
the Sardinians, and 14.3% of the individuals from Mid-
dle East, but again were not observed in Indians (D1
RiENzO and WILSON 1991; PIERCY et al. 1993; BERTRAN-
PETIT et al. 1995; MOUNTAIN et al. 1995).

British and Indian populations have been analyzed
for both control region hypervariable segments (PIERCY
et al. 1993; MOUNTAIN et al. 1995), thus providing data
on the distribution of the haplogroup H np 73 A poly-
morphism. This data indicates that 54% of the British
mtDNAs but only 1% of the Indian mtDNAs could be-
long to haplogroup H. This difference is statistically
highly significant (X q¢yaes = 66.6; P <€ 0.001). This
raises the possibility that haplogroup H frequencies may
be more variable than those found in the current study.

Because most of the 10 haplogroups appear to be
confined to Caucasoids, they probably originated in an-
cestral Caucasoid population(s) after they separated
from the progenitors of modern Africans and Asians.
Therefore, it is possible that frequency clines in mtDNA
haplogroups might reveal the homeland and patterns
of expansions of ancient proto-European populations.
For instance, a steep cline appears to exist for haplo-
group H, which encompasses 40-50% of mtDNAs from
western European populations, but is virtually absent
in Indians. Such a cline for haplogroup H has been
recently confirmed by screening a number of Caucasoid
populations for the absence of the 7025 Alul site (PAs-
SARINO et al. 1996). The detection and analysis of these
clines may be extremely useful in examining current

models postulated to explain the bio-cultural diversity
of Caucasoids (AMMERMANN and CAVALLI-SFORZA 1984;
CAVALLI-SFORZA et al. 1988; BARBUJANI and SOKAL 1990;
SOKAL et al. 1991; P1azza 1993; BARBUJANI et al. 1995).

Applications in studies of ancient human remains:
The correlation between stable restriction site changes
in the coding regions and informative polymorphisms
of the control region allows haplogroup classification
of control region sequences obtained from ancient hu-
man remains. Recently, the control region sequence
was published from an ~5000-year-old mummified
body found in the Tyrolean Alps at the border between
Italy and Austria (HANDT et al. 1994). This sequence
encompassed from np 16056 to 16409, including HSV-
I. It differed from the Cambridge sequence only by a
C at np 16224 and a C at np 16311. Because identical
sequences were found only in Europeans, it was con-
cluded that the mtDNA from the 5000-year-old body
fitted into the genetic variation of contemporary Euro-
peans (HANDT et al. 1994). The current study shows
that this control region sequence is characteristic of the
European-specific haplogroup K (Table 7), and there-
fore, that haplogroup K mtDNAs were present in the
human populations living in the Alpine region ~5000
yr ago. We also know that haplogroup K is shared by
all modern European populations, reaching the highest
frequency values among the Ashkenazi Jews (29%)
(RITTE et al. 1993), the Swedes analyzed in this study
(14%), and the Sicilians (12%) (SEMINO et al. 1989).
In addition, the identification of these 10 haplogroups
in Europeans may permit genetic analyses of ancient
human populations from Europe and the Middle East,
such as the identification of the Native American-spe-
cific haplogroups A, B, C and D (TORRONI et al. 1992,
1993a) have allowed the classification of 50 mtDNAs
from pre-Columbian Oneota of Illinois (STONE and
STONEKING 1993; STONEKING 1995). Indeed, with the
distinctive haplogroup restriction sites identified,
mtDNAs from ancient human remains could be classi-
fied into haplogroups even when template damage per-
mits PCR amplification of only 40- to 50-bp fragments.

Implications for studies of mtDNA diseases: One of
the most important and common criterion used to de-
termine whether a DNA mutation is causal to a disease
or is a neutral polymorphism is the screening for the
mutation in control populations. The pathological sig-
nificance of DNA mutations is generally ruled out when
the mutation is detected in the general population.
However, mtDNA studies have shown that most of
mtDNA variation is continent-specific, and that certain
variants and haplogroups can be extremely common
in certain populations and completely absent in other
ethnic groups. Consequently, the application of this
criterion to mtDNA disease studies requires that control
populations are accurately ethnically matched to the
ethnic background of the patients. However, such eth-
nically matched control populations are not easy to se-
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lect, particularly in those regions of the World that are
inhabited by populations with a heterogeneous ethnic
background and have undergone through extensive ge-
netic admixture. In recent years, a new approach has
been developed in mtDNA disease study to overcome
this difficulty. This method requires the comparison of
the patient’s mtDNA variation with that observed in the
control mtDNAs that are phylogenetically most closely
related, i.e, with control mtDNAs belonging to the
same mtDNA haplogroup observed in the patient. This
approach has proven extremely valuable. For instance,
it has allowed the identification of the first LHON plus
dystonia mutation (14459A) in an Hispanic family from
California whose mtDNA was a member of Native Amer-
ican haplogroup D (JUN et al. 1994). It has revealed
thata 270-bp tandem duplication in the mtDNA control
region is not associated with deletions in mitochondrial
myopathies as initially suggested (BROCKINGTON et al.
1993), but is a polymorphism that characterizes all
mtDNAs belonging to haplogroup I, one of the Euro-
pean-specific haplogroups (TORRONI et al. 1994b). It
has proven that the 4336C mutation is associated with
late-onset Alzheimer disease (SHOFFNER et al. 1993;
HuTcHIN and CORTOPASSI 1995), and that this muta-
tion arose as a single mutational event on the European-
specific haplogroup H (TORRONI ef al. 1994b). Last,
it has shown that the degree of penetrance of some
pathological mtDNA mutations depends on the mtDNA
background on which they occur. For instance, the risk
of expression of LHON in presence of the primary mu-
tation 14484C is eightfold higher when this mutation
occurs on the European-specific haplogroup ] (TOr-
RONI ¢t al. 1996). These important results have been
obtained in a context in which only four haplogroups
(H, I, J and K) were defined among Europeans. Now,
the classification of almost all European mtDNA varia-
tion in 10 haplogroups provides an additional opportu-
nity for correlating mtDNA disease and evolutionary
studies, for discriminating between neutral polymor-
phisms and pathological mutations, and for defining
the role played by mtDNA backgrounds in disease ex-
pression.

In conclusion, this study identifies 10 mtDNA haplo-
groups in Europeans by haplotype comparison, phylo-
genetic analyses and correlation of restriction site
changes and control region sequence polymorphisms.
These haplogroups encompass virtually all mtDNAs ob-
served in three European populations representative of
both northwestern and southwestern Europe.

Using the combination of the informative restriction
site and control region sequence polymorphisms, it has
been possible to begin a survey of mtDNA haplogroup
distributions throughout the Caucasoid range, sug-
gesting that clinal distributions might exist for certain
haplogroups. Moreover, the ability to discriminate
among the 10 haplogroups represents a powerful tool
for molecular anthropology and mtDNA disease stud-

ies. Hence, haplotype discrimination promises to con-
tinue to be a useful approach for both theoretical and
applied studies of individual and global origins.
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APPENDIX A

Polymorphic sites that define Finnish and Swedish mtDNA haplotypes

Polymorphic sites

Haplotypes
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1338a
1715c
1718a
1842k
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2293a
2831g
3337k
3348j
3391e
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4577q
4643k
4769a
4990a
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5315e
6260e
7025a
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8165e
8249b/8250e
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8838e
8858f*
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9644a
10028a
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TABLE APPENDIX A

Continued
Polimorphic sites Haplotypes
10097a 0001000000000000000000000000000000000000000000000000
10394c 0000000000000000000000000000000000000000000111111111
10397a 0000000000000000000000000000000000000000000000000001
10746¢ 0000000000000000000001000000000000000000000000000000
11196k 0000000000000000000000000000000001000000000000000000
12308¢g 0000000000000000000000011111111111100000000010000000
12406h 1111111111111111111101111121111111111111111111111111
12679 00000000000000000006000000000000000000000100000000000
12891c 11111111111111111111111111111121111111111111111111011
13103g/13104j 1111111111111111111112111211311111011121111111111111111
13325k 111111101111211111111111111111111121111111111111111111
13366m/133671/13367b 0000000000000000001111100000000000000000000000000000
13651 0000000000000000000000000000010000000000000000000000
13702¢* 00000060000000000000QQ00000000000000000000000000000000
13704p 1111111111111111111111111111111111111111111110000001
13730g 0000000000000000000000000000000001100000000000000000
13968j 0000000000000000000000000000000100000000000000000000
14015a 11111111111111112111111211111111111111110111111111111
140681 0000000000000000000000000000000010000000000000000000
141990* 0000000000000000000000000000000000000000000000000000
14268g* 111111111121111121111111111111111111211211111111121111111
14347k 0000001010000000000000000000000000000000000000000000
14368g* 0000000000000000000000000000000000000000000000000000
14493¢ 0000000000000001000000000000000000000000000000000000
14855¢ 0000000000000000000000000000010000000000000000000000
15172¢ 1111111111111111111111111111111111011111111111111111
15254r 11111111111111111111111211111111111112111111111111101
15606a 0000000000000000001111100000000000000000000000000000
15754¢ 0000000000000000000000000000000000000000000100000000
15872k 0000000000000000000000000000000001100000000000000000
15882b/15883¢ 0000001000000000000000000000000000600000000000000000
15925i 1111111111111111110000011111111113131113111111111111
16049k 1111111111111111101112111111113111131111131111111111111
16065g 111111111111113111111111111111311111111111111110000001
161431 0000000000000000000000000110000000000000000000000000
16145¢ 0000000000000000000000000000100000000000000000000000
16170 0000000000010000000000000000000000000000000000000000
16215j 0000000000000000100000000000000000000000000000000000
162241 0000000000000000000000001000000000000000000000000000
16303k 111111111111110011111001111111212111111111111111211111
16389g/16390b 0000000000000000000000000000000100000000000000000000
16389m/16390j,/16390b 0000000000000000000000000000000000000000000100000000
16398e 0000000000000000000000011000000000000000000000000000
16453i 11111111111111111111111112111111110011111111111111111
16517e 0111100100010000111111100000001101100000111111000101

The 84 polymorphic sites that define 52 distinct mtDNA haplotypes (E1-E52) observed in 49 Finns and 37
Swedes. A *‘1” indicates the presence of a site and a ‘0" indicates the absence of a site. Sites are numbered
from the first nucleotide of the recognition sequence according to the published sequence (ANDERSON éf al.
1981). The restriction enzymes used in the analysis are designated by the following single-letter code: a, Alul;
b, Avadll; ¢, Ddél; e, Hadll; f, Hhal; g, Hinfl; h, Hpal; i, Hpall; j, Mbol; k, Rsdl; 1, Tagl; m, BamHI; n, Hadl; o,
Hincll; p, BstNI; q, Nalll; r, Acd. Sites separated by a diagonal line indicate either simultaneous site gains or
site losses for two different enzymes or a site gain for one enzyme and a site loss for another because of a
single inferred nucleotide substitution. Such sites are considered to be only one restriction site polymorphism
in the parsimony analysis. Sites marked with an asterisk were found to be present or absent in all samples
contrary to the published sequence.



